A right-hand circularly polarized electromagnetic wave can propagate in a sufficiently magnetized plasma of any density without cutoff in the so-called whistler mode. With the recent realization of tens-kilotesla magnetic fields, laser propagation in highly magnetized high-density plasmas has become of practical interest, especially for heating plasmas to high energy density and igniting fusion targets. In this paper, the whistler regime of laser-plasma interaction is discussed. It is shown that moderately intense right-hand circularly polarized laser light can enter and propagate in high-density plasma and heat it efficiently because of the significantly reduced wave length and speed.
I. Introduction
Propagation and interactions of electromagnetic (EM) waves in weakly-magnetized and weakly-ionized plasmas have been studied extensively since the late 1940s because of their relevance to radio and radar wave transmission in the Earth's ionosphere as well as for plasma production in many laboratory and industrial plasma devices [1] [2] [3] [4] [5] [6] [7] [8] . The wave propagation properties depend strongly on the EM wave polarization, the plasma density, and the magnetic field strength and orientation. For circularly polarized (CP) EM waves propagating along the external magnetic field 0 B , the linear plasma dielectric constant can be written as [2] (RH) and left-hand (LH) CP waves, respectively. As mentioned, earlier studies have mainly been on low-frequency EM wave propagation in weakly magnetized plasmas, such as that of the radio frequencies (KHz-MHz) and the Earth's field (tens T  ) [1] [2] [3] [4] [5] [6] . The RHCP EM wave in the whistler regime 0 1 B  has been of particular interest because of its distinctive features and effect on radio communication, as well as usefulness in the production and heating of dense laboratory and industrial plasmas, such as that of the helicon plasma device and thruster [9] [10] [11] [12] . For the much higher frequency light waves, the whistler regime is also realized around cosmic bodies such as pulsars and magnetars [13] , where extremely strong (TT to PT) magnetic fields can exist [14] . However, the whistler regime for laser light propagation in laboratory plasma has been mostly ignored in view of the limited strength of available magnetic fields. Recent advances in high magnetic field production and discovery of self-generated tens-kilotesla magnetic fields in ultrahigh-intensity laser interaction with matter have made this regime within reach [15] [16] [17] [18] . For example, for the 1.06 m  Nd-glass laser, 0 1 B  corresponds to a magnetic field 9  kilotesla, and for the 10.6 m  CO 2 laser the corresponding magnetic field is an order of magnitude less [19, 20] . It is therefore timely to investigate laser-plasma interaction in the whistler regime, where a moderately intense (say 15 2 10 W/cm ) long-pulse RHCP laser can ionize high-density matter as well as propagate deep into the resulting plasma if the latter is sufficiently magnetized. Such a scenario is especially desirable for inertial confinement fusion, where intense laser light should propagate deep into the fuel pellet [21] .
In this paper, we consider the propagation of RHCP laser light in the whistler regime in a highly overdense magnetized plasma slab by particle-in-cell (PIC) simulation. To avoid excitation of the many waves and their complex propagation characteristics that can occur in a magnetized plasma, the slab is of uniform density and the magnetic field is along the direction of the laser. In order to avoid strong nonlinear effects, the latter is also of moderate intensity.
As expected, a large fraction of the incident laser can enter and propagate deep into the plasma without encountering cutoff. It is shown that electron-ion collisions can efficiently convert the laser energy into that of the plasma electrons, so that dense magneitzed plasmas can be heated directly by the laser without being structurally altered.
II. The interaction model
It is intructive to briefly review the linear theory of CP light propagation along the embedded magnetic field 0 0B  B z in uniform overdense cold plasma located in 0 z  . The laser electric field can be written as [2] ˆêxp( ) ( ) respectively. In view of causality, there is no backward propagating light in the uniform plasma.
The boundary condition that a and z a  be continuous at =0 z [22] leads to
(1) Figure 1 shows the incident (blue solid curves) and reflected (red dashed curves) EM waves in the vacuum, and the transmitted (black dash-dot curves) wave in the dense plasma for LHCP 
III. PIC simulation results
Next we investigate the propagation of laser pulse into highly magnetized dense plasmas Since here we are considering moderately intense, long-pulse, and short-wavelength light propagation in strongly magnetized homogeneous dense cold plasma in the whistler regime, the laser light does not encounter resonance or cutoff. Accordingly, energy transfer from light to plasma is mainly by collisions, or inverse bremsstrahlung. Accordingly, we include in the PIC simulation the effect of collisions using the code OSIRIS [35] . The laser and plasma parameters are the same as that in Fig. 1 , except that (in order to save computational resource) here we use a laser with lower intensity, namely 0.04
, but the corresponding wave electric field is still above that needed for ionization of solids [36, 37] . Both the electrons and ions have the initial temperature 0.1 keV. Electron-ion collisions heat the electrons that are rapidly oscillating in the short-wavelength light field by randomizing their motion. The Coulomb logarithm is evaluated at the local plasma conditions, so that the modification of the collision frequency due to electron temperature increase is self-consistently included. Figure 4 shows the evolution of the EM energy flux and electron kinetic energy along the laser propagation direction, together with the electron energy spectra. We can see that the transmitted laser light attenuates as it
propagates, eventually almost all its energy is converted into electron kinetic energy. The electron temperature increases to ~0.78 keV within about ~2 ps. Their energy spectrum also broadens with time. One can also see that even though the incident laser is not of high intensity and collisional damping is strong, a small fraction of the transmitted laser light can still penetrate through the slab. A small number of electrons are also driven out into the backside vacuum by the small but finite ponderomotive force. The result here suggests that in the presence of strong magnetic field one can heat cold dense plasma directly by moderately intense long-pulse laser. The process should therefore be useful for creating high energy density plasma with moderate intensity long-pulse laser. propagates in the plasma, with its energy transferred to the electrons, which are heated.
IV. Conclusion
We have considered the transmission into and propagation of a long moderately intense RHCP laser pulse in a much-above-critical-density ( 1 n  ) strongly-magnetized ( other angles to the embedded magnetic field as extraordinary or mixed waves [1, 38, 39] . In view of the frequent detection of ultra-strong self-generated magnetic fields in the interaction of intense lasers with solid matter, their investigation should be relevant for the interpretation of many experimental results. However, in general, the propagation and interaction behavior of intense EM waves in magnetized plasmas are rather complex even in the linear limit [1, 2] , especially when the plasma density and magnetic field are highly inhomogeneous, so that intensive numerical simulation would be required for their investigation. Finally, it may be of interest to point out that kilo-tesla magnetic fields have recently been used for efficiently guiding relativistic electron beams in dense plasma [40] . 
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